Abstract Induction of embryogenic callus in culture is an important step in plant transformation procedures, but response is genotype speciWc and the genetics of the trait are not well understood. Quantitative trait loci (QTL) were mapped in a set of 126 recombinant inbred lines (RILs) of inbred H99 (high Type I callus response) by inbred Mo17 (low Type I callus response) that were evaluated over two years for Type I callus response. QTL were observed in a total of eleven bins on eight chromosomes, including eight QTL with main eVects and three epistatic interactions. Many of the QTL were mapped to the same or bordering chromosomal bins as candidate genes for abscisic acid metabolism, indicating a possible role for the hormone in the induction of embryogenic callus, as has previously been indicated in microspore embryo induction. Further examinations of allelic variability for known candidate genes located near the observed QTL could be useful for expanding the understanding of the genetic basis of induction embryogenic callus. The QTL observed herein could also be used in a marker assisted selection (MAS) program to improve the response of agronomically useful inbreds, but only if the resources required for MAS are lower than those required for phenotypic selection.
Introduction
The potential of germplasm to form callus in culture and regenerate plants is a necessary prerequisite for plant transformation procedures, though the genetic processes underlying these traits are not well understood in maize. Green and Philips (1975) initially described the regeneration of maize plants from callus derived from immature embryos of maize inbred A188, a process that was facilitated by the placement of the plumule-radicle axis side of the embryo in contact with the media used for culture. Further studies distinguished two types of maize callus, identiWed as Type I and Type II (Green and Rhodes 1982; Lu et al. 1982) . Type I callus is compact and more easily obtained from immature embryos, while Type II is friable and maintains the ability to regenerate plants over a longer period of time. The diVerent callus types may originate from the same initial cells within the scutella of immature embryos, with the observed diVerences due to genotype, stage of immature embryo development, and culture media (Phillips et al. 1988) .
The ability to produce regenerable callus from immature embryos appears to be genotype-dependent in both temperate and tropical maize (Tomes and Smith 1985; Hodges et al. 1986; Carvalho et al. 1997) . EYciencies of regenerable callus production are low for many agronomically useful, publicly available inbreds (e.g., B73, Mo17), which can create the need to use less desirable inbreds (e.g., A188, H99) for genetic transformation and plant regeneration (Hodges et al. 1986 ). This requires the use of several generations of backcrossing to produce agronomically desirable maize inbreds with the added trait of interest, a time frame that could be reduced through the use of regenerable elite germplasm.
The genetic basis of regenerable callus production has not been well examined in maize, with some early indications that a few simply inherited genes were of major importance (Hodges et al. 1985; Willman et al. 1989 ). Other reports suggest that additive, non-additive, and maternal eVects signiWcantly aVect the induction of regenerable callus, although the importance of maternal eVects is not consistent across reports (Beckert and Qing 1984; Duncan et al. 1985; Tomes 1985; Hodges et al. 1986 ). Only one report concerning the identiWcation of genomic regions associated with induction of embryogenic callus from immature embryos has been published. Three of the Wve genomic regions of A188 that were conserved in backcross (BC) lines of (A188 £ B73) £ B73 that were selected for high frequency initiation of embryogenic cultures were also signiWcantly associated with percentage of immature embryos producing embryogenic callus in an A188 £ Mo17 F 2 population, on chromosomes 1, 4, and 9 . More research has focused on the genetics of anther culture response, with genomic regions associated with embryo-like structure (ELS) formation from microspores observed on all chromosomes (Cowen et al. 1992; Wan et al. 1992; Murgineux et al. 1994; Beaumont et al. 1995) . Despite the diVerences in the explants there may be some minor similarities in the genetics of callus production from immature embryos and anthers. For example, maize inbred H99, which is highly eYcient at producing embryogenic callus from immature embryos but is not responsive to anther culture, appears to have alleles that are positively associated with the induction of embryos during anther culture (Hodges et al. 1986; Beaumont et al. 1995) .
Building on the limited base of knowledge concerning the genetics of regenerable callus production from immature embryos could be useful for not only improving tissue culture response of elite germplasm but also for expanding available information on the processes involved in the induction of regenerable callus. The objective of this research was to map quantitative trait loci (QTL) associated with induction of regenerable callus in recombinant inbred lines (RILs) of Mo17 £ H99.
Materials and methods
Formation of the Mo17 £ H99 RIL population has been described by Veldboom et al. (1994) and Austin and Lee (1996) . BrieXy, one F 1 plant was self-pollinated to produce F 2 individuals that were advanced by the single-seed descent method to the F 6 generation. Single-row plots, 3.8 m long and spaced 0.76 m apart, were planted for each RIL at the Agronomy and Agricultural Engineering Research Center (AAERC) near Ames, IA in a completely randomized design with one replication each in 1997 and 1998. All plants were selfpollinated by hand and approximately ten ears per RIL were harvested when the embryos were 0.75-1.0 mm long (about 6-10 days after pollination). Immature embryos were aseptically isolated from surface sterilized ears and cultured with the scutellum-side up on N6 medium as described in Armstrong et al. (1992) .
The phenotype for each embryo was recorded as presence or absence of Type I callus after 4 weeks. The trait value for each entry was calculated as the percentage of embryos with Type I callus out of the total number of embryos isolated for the entry. Square-root transformations were performed on the data to reduce the eVects of outlying values (see Figs. 1, 2) though both transformed and non-transformed data were analysed. RIL means were used for the individual year analyses, while least square means (LSM) for the combined analysis were calculated from the non-transformed and transformed values from both years using SAS Proc Mixed (SAS Institute 1999), considering entries as Wxed eVects. Genotype, genotype £ environment, and error variances were estimated using a model that considered entries and the entry £ environment interaction as random eVects (Cardinal et al. 2003) . Broad-sense heritabilities on an entry-mean basis and their exact conWdence intervals were calculated according to established procedures (Knapp et al. 1985; Fehr 1987 ).
Detection of QTL
The genetic map for the population has been published (Austin and Lee, 1998) . A subset of 78 RFLP loci and 33 SSR loci was used herein to reduce the number of tightly linked loci used in the QTL analysis. QTL were detected using PlabQTL with cofactor selection performed as described in Utz and Melchinger (1996) and Austin et al. (2000) . Outlier or inXuential observations were tested based on statistics calculated by PlabQTL (Andrews-Pregibon statistic second factor, AP2 < 0.5; inXuential value of an observation, inX > 0.4; Studentized residual, stdRes > 3.5). The LOD threshold value of 2.5 was used to declare the presence of a QTL. This LOD threshold has been used in other studies of QTL in maize (Cardinal et al. 2003; Krakowsky et al. 2004) and has the advantage of minimizing the risk of a Type II error (i.e., missing a QTL).
Digenic epistatic interactions between all pairs of loci were tested using Epistacy, which uses least-square statistics (Holland 1998 ). Interactions at P < 0.00026 were considered signiWcant. This threshold was based on an estimate of the number of independent linkage groups in maize with each chromosome arm representing one (Holland et al. 1997) . Interaction terms were added to a model including all main eVect QTL in PlabQTL, and those interactions that increased the AIC by at least 2.0 were deemed signiWcant. Interactions between main eVect QTL were also tested in PlabQTL by including additive £ additive epistatic eVects in the model. EVects that exceeded the Fto-Enter (and F-to-Drop) value obtained by using the Bonferroni bound at the signiWcance level (P) of 0.05 (experiment-wise error rate) were included in the Wnal model. The relative eYciency of marker assisted selection (MAS) over conventional phenotypic selection was calculated as described in Lande and Thompson (1990) and Papst et al. (2004) , with the eYciency of selection based solely on MAS calculated as RE = qp/h 2 and the eYciency of selection based on MAS and phenotypic data calculated as RE = qp/h
, where h 2 is the heritability of the trait and p is the proportion of the additive genetic variance associated with the marker loci.
Results

Phenotypic analysis
The mean, median, and range of embryos evaluated per RIL were 78, 73, and 24-249, respectively, in 1997 and 71, 70, and 25-120, respectively, in 1998 . The number of embryos evaluated per parental line was 404 and 374 in 1997 and 1998, respectively, for Mo17 and 319 and 240 in 1997 and 1998, respectively, for H99. SigniWcant diVerences were observed between the inbred parents, with 71% of the H99 embryos and 1% of the Mo17 embryos forming Type I callus. In 1997 the mean response for the RILs was 21%, with 36 entries exhibiting no response and 20 entries exhibiting greater than 50% response, while in 1998 the mean response was 14% with 52 entries exhibiting no response and only 11 entries exhibiting greater than 50% response. For the mean across years, the mean response was 17%, with 17 entries exhibiting no response and six entries exhibiting greater than 50% response. Transgressive segregation (individuals with greater response frequencies than H99) was observed in both years and in the mean across years, though most of these data points were dropped from the QTL analyses as outliers. The genotype and error variance components were 191 [95% conWdence interval (95% CI = 119-351)] and 352 (95% CI = 279-459), respectively, for the non-transformed data and 2.6 (95% CI = 1.6-5.2) and 4.9 (95% CI = 3.7-6.6), respectively, for the transformed data. The broad-sense heritabilities calculated on an entry mean-basis for Type I embryogenic callus response were 52% (90% CI = 12-52%) and 48% (90% CI = 10-51%) when calculated from the non-transformed and transformed data, respectively. QTL analysis QTL analysis was performed for the individual years and the mean across years for both the non-transformed and square-root transformed data. For the non-transformed data, outliers were observed for the individual years and the mean across years, with three, Wve, and two individuals removed from the 1997, 1998, and the mean across years analyses, respectively, while no outliers were observed in the transformed data.
For the non-transformed data, nine main eVect QTL associated with 44% of the phenotypic variation were observed on chromosomes 1, 2, 3, 5, 6, and 8 for the mean across years, while six and three QTL were observed for 1997 and 1998, respectively (Table 1; Fig. 3 ). All QTL observed in 1997 and 1998 were also observed in the mean across years, except one of the QTL on chromosome 5 in 1997 (umc27) and the QTL on chromosome 7 in 1998. Epistatic eVects were signiWcant but not consistent across the analyses. An additional epistatic interaction was signiWcant in the mean across years, between loci on chromosomes 1 (isu73) and 6 (bnl5.47), but a model in which this interaction and the interaction between phi083 and phi061 were both signiWcant could not be developed.
The main eVect QTL observed in the mean across years for the non-transformed and transformed data did not diVer (Table 2 ; Fig. 3 ). Only two main eVect QTL each were observed for the transformed data in the 1997 and 1998 analyses, with only those from 1998 observed in the mean across trials. As with the nontransformed data, epistatic eVects were signiWcant but not consistent across the analyses of the transformed data, with two interactions observed in the mean across years that were not observed in the other years. For both interactions the presence of the H99 allele at both loci was associated with the highest percentage of Type I callus, while the presence of the Mo17 allele at one locus and the H99 allele at the other was associated with the lowest values.
The relative eYciencies of MAS alone, based on the adjusted R 2 from the mean across years models including epistatic interactions, were RE = 0.99 (0.92 when epistatic interactions are not included) for the non-transformed data and 0.98 (0.90 when epistatic interactions are not included) for the transformed data, while the relative eYciencies of MAS combined with phenotypic data were RE = 1.08 for the non-transformed data and 1.09 for the transformed data. 
Discussion
The square-root transformation resulted in more normalized data and removed the outliers but did not have much eVect on the QTL analyses, with no diVerences observed between the main eVect QTL observed in the non-transformed and transformed data for the mean across years. Epistatic interactions were observed for the mean across years for both the non-transformed and transformed data and contributed to signiWcant increases in the adjusted R 2 for the models. The presence of two QTL with opposite eVects in the same bin on chromosome 6 may be the result of collinearity as opposed to the presence of two distinct QTL, since the distance between the QTL was only 20 cM (Rawlings 1988) . The additive eVect of the QTL at bnl5.47 was negative when Wt alone in the model but was only signiWcant if the QTL at umc21 was present in the model and had a much greater impact on the partial R 2 of the QTL at umc21 than it did on the adjusted R 2 for the model. The epistatic interaction between isu73 and bnl5.47 that was observed in the mean across years for the non-transformed data was only signiWcant at P = 0.005 in the mean across years analysis for the transformed data and was not included in the model. This interaction is unexpected in that the presence of Table 1 Chromosomal locations, estimates of eVects, and partial R 2 of QTL for induction of Type 1 callus *, ** SigniWcant at P = 0.10 and 0.05 probability levels, respectively a Means for individuals with Mo17 allele at both loci (AA), Mo17 allele at the Wrst loci and H99 allele at second loci (AB), H99 allele at the Wrst loci and Mo17 allele at second loci (BA), and H99 allele at both loci (BB) b The allele from H99 is associated with an increase (+) or decrease (¡) the Mo17 allele at both loci is associated with high trait values, when Mo17 is a poor responder, and is probably the result of a few outlying observations. Transgressive segregation was consistently observed in a few lines, but possible explanations include: (1) there are positive alleles for cell totipotency in Mo17, but they are swamped out by a much greater number of negative alleles, (2) there are negative alleles in H99 associated with inhibition of cell totipotency, while the alleles in Mo17 are neutral, or (3) there are more epistatic interactions between alleles from Mo17 and H99 than were observed herein. The study conducted herein cannot provide conclusive evidence for any one (or all) of these possibilities. Previous reports on the genetics of embryogenic callus suggested that a few simply inherited genes were of major importance and that additive, non-additive, and maternal eVects signiWcantly aVect the induction of the callus (Beckert and Qing 1984; Duncan et al. 1985; Hodges et al. 1985 Hodges et al. , 1986 Tomes 1985; Willman et al. 1989) . While one major QTL (R 2 > 20%) was observed on chromosome 5 (bin 5.03/4), most of the QTL had Table 2 Chromosomal locations, estimates of eVects, and partial R 2 of QTL for callus formation for the transformed data *, ** SigniWcant at P = 0.10 and 0.05 probability levels, respectively a Square-root transformed means for individuals with Mo17 allele at both loci (AA), Mo17 allele at the Wrst loci and H99 allele at second loci (AB), H99 allele at the Wrst loci and Mo17 allele at second loci (BA), and H99 allele at both loci (BB) b EVects are based on square-root transformed values. The allele from H99 is associated with an increase (+) or decrease (¡) relatively small eVects and epistatic eVects were signiWcant in both the individual years and the mean across years. Willman et al. (1989) reported signiWcant epistatic variance for populations derived from crosses and backcrosses of A188 £ Mo17 but not A188 £ B73, and alleles from Mo17 had positive eVects in some of the interactions observed herein. Only one other report has been published on the locations of QTL associated with embryogenic callus, and that study evaluated induction of Type II callus . Conserved segments of A188 in a BC 5 population of (B73 £ A188) £ B73 on chromosomes 1 (two segments), 2, and 9 were evaluated for signiWcance in an A188 £ Mo17 F 2 population. Another segment was observed on chromosome 3, but was not tested in the F 2 population. Three segments (on chromosomes 1, 4, and 9) were signiWcant for embryogenic callus in the A188 £ Mo17 F 2 population, none of which are linked to QTL observed herein. Interestingly the other two segments from the BC 5 population, on chromosomes 2 and 3, appear to be linked (few common markers were used between the A188 £ Mo17 F 2 population and the population herein) to QTL observed in the mean across years analyses herein. DiVerences in QTL observed between the two studies could be due to genetic heterogeneity between A188 and H99 and diVerences in the environments used for the studies.
Comparisons to microspore embryogenesis genetic studies, while confounded by diVerences in the traits, populations and environments, could provide some information about mechanisms of embryogenesis in tissue culture. Several studies have identiWed genetic regions associated with microspore embryogenesis, and of most interest are the studies that have used H99, which has very poor microspore embryogenesis response, as a parent in crosses to directly compare genomic regions associated with microspore and callus embryogenesis. Two studies used H99 in combination with Pa91 and FR16, inbreds with fair to good microspore embryogenesis response, and observed chromosomal regions associated with anther culture and ELS formation on chromosomes 1, 2, 3, 5, 6, 7, and 8 (Wan et al. 1992; Beaumont et al. 1995) . The QTL observed herein for the mean across years in bins 1. 08, 3.06, 5.03/ 4, and 8.06 are in the same or bordering bins. Other studies used hybrid combinations that included lines that were selected for microspore culture response (e.g., DH5 and DH7) and localized regions associated with ELS formation on chromosomes 1, 3, 4, 5, 8, 9, and 10 (Cowen et al. 1992; Murgineux et al. 1994) . The QTL observed herein for the mean across years in bins 1. 06, 1.08, 3.06, 5.03/4, 8.06, and 9 .03 are in the same or bordering bins, and these comparisons across the various studies indicate possible common mechanisms for induction of embryogenic callus in immature embryos and ELS formation in cultured anthers.
Along with identifying genomic regions that could be useful in MAS, QTL studies can also be useful in identifying candidate genes that can provide a broader understanding of the genetics underlying the trait of interest. The viviparous mutants in maize are associated with decreased or deWcient production of abscisic acid (ABA), a hormone involved in, among other roles, seed maturation and dormancy (Neill et al. 1986; Tan et al. 1997) . The main and epistatic QTL observed herein in the mean across years for both non-transformed and transformed data in bins 1.08, 1.10, 2.04/5, 3.06, and 5.03/4 are in the same or bordering bins as genes that have mutant alleles with viviparous phenotypes (e.g., vp1-vp14 and w3), while the epistatic QTL in bin 2.04 is in the same bin as glossy11, which sometimes has a viviparous phenotype (MaizeGDB, http://www.maizegdb.org/). In addition, the QTL on chromosome 8 is in the same bin as aba2, a candidate gene for ABA synthesis, and the QTL on chromosome 6 are in the same bin as dehydrin1, which is responsive to ABA and is expressed during dehydration. Beaumont et al. (1995) found that many QTL for induction of embryos during anther culture were also in the same chromosomal regions as genes that have viviparous mutant alleles, providing further evidence for the prominent role of ABA (or its absence) in the induction of embryos in vitro. Also, Marhic et al. (1998) observed that selection for anther culture response in maize resulted in a signiWcant increase in the number of tillers per plant, which may have resulted from changes in ABA concentrations or sensitivities. It is not clear from these studies what exact role ABA has; the detection of so many QTL in close association with genes that have viviparous alleles does not necessarily mean that induction of embryos results from the suppression of ABA, and could be the opposite, since the alleles from highly responsive inbreds have not been speciWcally identiWed and characterized. Duncan et al. (2003) report that exposure of Type I callus to ABA or water stress induced the production of globulin 1, a protein which is regulated by abscisic acid. The candidate gene for this protein (glb1) is located in bin 1.09, in between the QTL observed herein in bins 1.08 and 1.10. IdentiWcation of allelic diVerences between Mo17 and H99 could provide further evidence of an association between genes related to ABA biosynthesis and induction of embryogenic callus, but several additional steps, such as detection of functional diVer-ences between the alleles and transfer of the alleles into a recalcitrant inbred, would be necessary to verify that the genes were actually associated with induction of embryogenic callus.
DiVerences in isozyme patterns have been observed between embryogenic and non-embryogenic callus for glutamate dehydrogenase, acid phophatase, peroxidase, esterase, and malate dehydrogenase (Fransz et al. 1989; Rao et al. 1990 ). Candidate genes for glutamate dehydrogenase (gdh1), acid phophatase (acp1), peroxidase (px13), and esterase (e3) are located in bins 1.11, 9.03, 5.03, and 3.05, respectively, while two candidate genes for malate dehydrogenase, mdh4 and mdh5, are located in bins 1.08 and 5.03, respectively (MaizeGDB, http://www.maizegdb.org/). Whether these enzymes are directly associated with the induction of regenerable callus or simply the product of the physiological changes occurring as the callus becomes embryogenic is unclear, and the previous reports did not compare the isozyme patterns from embryogenic callus and zygotic embryos.
The eYciencies of MAS for the non-transformed and transformed data were about equal and were slightly lower than the eYciency of phenotypic selection alone, indicating that MAS would be useful only if it was less resource-intensive than phenotypic selection. The gain from using MAS and phenotypic selection combined was not enough to justify the resources involved.
QTL were observed on eight chromosomes herein, with both signiWcant main and epistatic eVects. Transformation of the data to produce a more normalized distribution did not have much eVect on the QTL observed. While there was an obvious lack of consistency in the QTL observed when comparing 1997 to 1998 and either year to the mean across years, the fairly consistent localization of QTL in or near chromosomal bins associated with candidate genes, speciWcally candidate genes involved in ABA synthesis and sensitivity provides further evidence that the QTL are indeed real. Utilization of these QTL for MAS depends on the cost eVectiveness of that approach as compared with phenotypic selection, but the QTL could prove useful in improving our understanding of the biology of induction of embryogenic callus, especially if allelic variability at the candidate genes is observed between the two inbred parents.
